aBstraCt low-cost carbon powder prepared by carbonization of bamboo wood was characterized by means of X-rays diffraction (Xrd) and raman spectroscopy. the structural analysis of the carbon powder shows that the material is the composite of amorphous and graphitic forms of carbon. furthermore, the carbon powder was used as the counter electrode material of dye-sensitized solar cell (dsC) and the electric property of the bamboo carbon based counter electrode was investigated by obtaining current-voltage (i-V) curve of the dsC.
introduCtion and oBJeCtiVe
The electricity generated from solar cells is gaining popularity among energy consumers these days (Paudel et al., 2012) . Solar cells based on silicon wafers are dominant solar cells in the global energy market (Gratzel, 2005) . However, dye-sensitized solar cells (DSCs) based on nano-crystalline titanium dioxide (TiO 2 ) have been attracting researchers throughout the world because of their low-fabrication cost compared with the silicon based solar cells (Joshi, et al., 2009 , O'Reganand & Gratzel, 1991 , Paudel et al., 2012 .
A DSC comprises two electrodes called photoelectrode (photoanode) and counter electrode. Basically, the photoelectrode consists of a thin film of nano-crystalline TiO 2 particles coated on fluorine doped tinoxide (FTO)-glass substrate and the TiO 2 particles are coated with light sensitive dye molecules. Generally, the counter electrode (CE) is a FTOglass substrate with a thin film of platinum. The two electrodes are separated by a spacer and the gap between them is filled with an electrolyte. The electrolyte is a system of chemicals dissolved in a solvent and it (electrolyte) contains iodide (I -) and tri-iodide (I   -3 ) ions. When the photoelectrode of a DSC is exposed to light (diffused sunlight or direct sunlight or both), the incident light photons eject electrons from the dye molecules. The photoelectron reaches to the counter electrode after travelling through a load. The iodide ions in the electrolyte give electrons to the oxidized dye molecules and they (dye molecules) are re-generated, but the iodide ions are converted to tri-iodide ions after they lose the electrons. The tri-iodide ions receive the photo-electrons arrivedat the CEand they (tri-iodide ions) turn into iodide ions, the platinum film (of the CE) accelerates the reduction of tri-iodide ions into iodide ions (Gratzel, 2005 , Joshi, et al., 2009 , Joshi, et al., 2010 , O'Reganand & Gratzel, 1991 , Paudel et al., 2012 .
Platinum is the most preferred catalyst used in DSCs (Joshi, et al., 2009 , Paudel et al., 2012 .However, it has disadvantages: it is a high cost metal and it is unstable in corrosive electrolyte (Joshi, et al., 2009 , Olsen, et al., 2012 . Carbon has been preferred as an alternative counter electrode material (catalyst) and various types of carbon have been adopted as the catalyst for tri-iodide reduction in DSCs (Joshi, et al., 2009 , Joshi, et al., 2010 , Joshi, 2017 , Paudel et al., 2012 . Among the carbon based counter electrode materials, the plant-based carbon can be a low-cost catalyst for tri-iodide reduction in DSCs and the activated carbon of Lapsi (Choerospondias axillaris)-seed stone and Utis (Alnus nepalensis) plant-wood have been used as the catalyst (Joshi, 2017) . However, the efficiencies of the DSCs withthe plant based carbon were not significantly high. Thus, there exists a need to search for a plant based efficient carbon as a counter electrode material.
In this article, the carbon powder was prepared by carbonization of chemically activated powder of bamboo wood aiming to use the carbon as a low-cost and efficient counter electrode material of DSCs. The nature of materials used in the fabrication of counter electrodes can influence photovoltaic performance of the DSCs. The materials with good catalytic activity for the reduction of tri-iodide ions and high electric conductivity (or low resistivity) are recommended for preparing efficient counter electrodes of DSCs (Poudel and Qiaon, 2013) . In this regards, applicability of the bamboo based carbon for fabrication of counter electrode of the DSC was evaluated by performing structural analysis of the carbonaceous material using the techniques of XRD and Raman spectroscopy. Furthermore, electric series resistance of a DSC can also affect photovoltaic performance of the device, higher value of series resistance of solar cell reduces squareness (fillfactor) of the current-voltage (I-V) curve of the device (Joshi, et al., 2010) . Thus, the applicability of the bamboo based carbon as counter electrode material has also been evaluated by comparing the current-voltage (I-V) curve of the DSCwith CE based on the carbon powder and the I-V curve of the DSC with CE based on platinum.
materials and method
The carbon powder of bamboo was prepared following similar method described by Joshi (2017) . First of all, bamboo (locally known as Dhanu Bans) was collected from the bamboo shrubsat Jhaukhel area of Bhaktapur (Fig1a). The bamboo was cut into small pieces with a knife (Fig. 1b) . The samples were washed with distilled water and dried in an oven. Then, the pieces of the bamboo were turned into powder using a steel file (Fig 1c) . The powder was filtered and the fine powder of the bamboo was chemically activated with phosphoric acid. In order to obtain the carbon powder, the chemically activated sample was carbonized in nitrogen atmosphere at ~ 400° C using a tubular furnace. Fig. 1d shows the carbon powder (activated carbon) of the bamboo wood. X-ray diffraction of the carbon powder was carried out using the powder diffractometer available at Nepal Academy of Science and Technology (NAST), Nepal. Similarly, Raman spectroscopy of the carbon film prepared with the carbon powder was carried out using the Raman spectrometer of RI Instrument and Innovative India. The bamboo based carbon powder was used for making counter electrodes of DSCs. Also, the counter electrodes and DSCs were fabricated following similar experimental procedures described by Joshi (2017) . First of all, the paste of the carbon powder was prepared with an organic binder in distilled water and the paste was doctor-bladed onto FTO-glass substrates (Hartford Glass, USA). Finally, the FTO-glass substrates with the doctorbladed carbon paste were sintered using a hot-plate and the FTOs with the sintered film of the carbon paste were used as CEs for the DSCs. The photo-electrodes of the DSCs were prepared by doctor-blading TiO 2 paste (Ti-Nanoxide T/SP, Solaronix, Switzerland) onto the FTO-glass substrates and sintering the substrates with the doctor-bladed paste. The transparent film of sintered TiO 2 nano-particles was sensitized with N-719 dye which was purchased from Solaronix. The dye-sensitized photoelectrodes were assembled with the carbon based counter electrodes by means of para-film sheets. Finally, liquid electrolyte (purchased from Solaronix) was injected into the gap between the two electrodes. Fig. 2a is a schematic diagram of a DSC with carbon film as CE material and Fig. 2b is the photograph of a typical DSC with CE prepared from carbonaceous material (carbon film). Also, DSCs with platinum as counter electrodes were fabricated. The platinum based DSCs have similar photoelectrodes and electrolyte as the carbon based cells. Both the carbon based solar cells and platinum based solar cells were tested in natural sunlight without masks usinga home-built instrument and their I-V curves were obtained following similar experimental set up and procedures reported by Joshi (Joshi, 2017) . 
result and disCussion
The X-ray diffraction (XRD) of the carbon powder prepared from bamboo is shown in Fig.3a . The X-ray diffraction pattern of the material shows a peak at 2θ ≈25° and such peak arises due to the diffraction of X-rays from the material with the carbon of graphitic structure (Joshi, et al., 2010 , Joshi, 2017 . Fig. 3b is the Raman spectra of the carbon film prepared with the carbon powder. The peak around wave number ~1585cm -1 (G-mode) is attributed to the graphitic carbon (ordered carbon). Additionally, the peak around wave number ~1340 cm -1 (D-mode) is related to amorphous carbon or disordered carbon (Joshi, et al., 2010 , Joshi, et al., 2017 .While reporting the photovoltaic performance of electro-spun nano fibers, Joshi et al.(2012) have reported that carbonaceous material containing graphitic form of carbon and dis-ordered (amorphous) carbon can be an efficient catalyst as platinum for the reduction of tri-iodide ions. Hence, the carbon powder of bamboo can also be a catalyst for the reduction of tri-iodide ions in DSCs. Fig. 4 is the screenshot of the scanning electron microscope (SEM) image of the carbon film prepared with the carbon powder. The SEM image reveals that the film consists of carbon flakes whose size ranges from a few micrometers to tens of micrometers. Moreover, the carbon film has rough and porous surface. The rough surface of the film ensures high surface area, the film with high surface area provides a large electrolyte-catalyst (carbon) interface. Similarly, the micron-sized pores in the film provide easy access to the liquid electrolyte for deep penetration inside the film. Thus, the rough and porous surface morphology can facilitate fast reduction of the tri-iodide ions (Poudel and Qiao, 2013) . Fig.5a depicts I-V curve of the DSC with CE coated with the bamboo based carbon. Fig. 5b is the I-V curve of the DSC with the CE coated with platinum. The squareness of the I-V curve of bamboo carbon based solarcell was less than the squareness of the I-V curve of platinum based cell. This indicates that FF factor of the bamboo based DSC is smaller than that of the platinum based DSC. The calculated values of the FF of bamboo based DSC and platinum based DSC were ~0.29 and ~0.72, respectively. Previous researchers have reported that the lower value of FF of carbon based solar cells is attributed to higher value of series resistance (R s ) of the device (Joshi, et al., 2010 , Murakami, et al., 2006 . As the FF of the bamboo carbon based DSC was much smaller than that of the platinum based DSC, the R s of the bamboo carbon based DSC can be significantly larger than of the platinum based DSC.The value of R s of DSCs under illumination can be estimated by the value of the reciprocal of the slope of the tangent drawn at the point on the I-V curve where the value of current (I) is zero (Schroder, 2005) . The values of R s calculated from the I-V curves of bamboo (Fig. 5a) and platinum (Fig. 5b) were ~268.71 Ω-cm 2 and 19.14Ω-cm 2 , respectively. The R s of the DSC based on the carbon powder of bamboo is much larger than that of the DSC with platinum based counter electrode. Moreover, higher value of R s of the carbon based DSC can be understood as follow. The two types of the solar cells have identical photo-electrodes and liquid electrolyte, hence, the resistance contributed from these two components of the cells to the total value of R s of the solar cells should be nearly equal. This indicates that the resistance contributed to the R s by the CE of the carbon based DSC should be larger than that contributed by the CE of platinum based DSC. Generally, counter electrode material with high resistivity can cause high value of R s . Hence, the resistivity of carbon film (prepared from the bamboo based carbon powder) of CE of the carbon based DSC might be much higher than that of the thin film of platinum coated on CE of the platinum based DSC. However, I-V curves of the two types of solar cells show comparable short circuit current (I sc ) and open circuit voltage (V oc ). This implies that carbon film prepared from bamboo based carbon powder possesses catalytic ability for the reduction of tri-iodide ions in DSCs.
ConClusion
Carbon powder was prepared by simple method of carbonization of bamboo wood. Structural characterization of the carbon powder and photovoltaic parameters of the DSCs based on the carbon powder confirm that material could be used as a catalyst for the reduction of tri-iodide ions in dye sensitized solar cells.
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